Glutathione (GSH) is involved in abscisic acid (ABA)-and methyl jasmonate (MeJA)-induced stomatal closure in Arabidopsis thaliana. In this study, we examined the effects of GSH-decreasing chemicals, p-nitrobenzyl chloride (PNBC), iodomethane (IDM), and ethacrynic acid (EA), on ABA-and MeJA-induced stomatal closure in Arabidopsis. Treatments with PNBC, IDM, and EA decreased GSH contents in guard cells. Depletion of GSH by PNBC and IDM enhanced ABA-and MeJAinduced stomatal closure and inhibition of light-induced stomatal opening by ABA, whereas EA did not enhance either ABA-and MeJA-induced stomatal closure or inhibition of light-induced stomatal opening by ABA. Depletion of GSH did not significantly increase the production of the reactive oxygen species (ROS), cytosolic alkalization, or cytosolic Ca 2þ oscillation induced by ABA and MeJA. These results indicate that depletion of GSH enhances ABA-and MeJA-induced stomatal closure without affecting ROS production, cytosolic alkalization, or cytosolic Ca 2þ oscillation in guard cells of Arabidopsis.
A stoma, which consists of a pair of guard cells in the epidermis of the above-ground parts of higher plants, responds to various external and internal stimuli. 1, 2) Abscisic acid (ABA) functions in abiotic and biotic stress responses and in the regulation of many developmental processes, including the maintenance of seed dormancy and development, 3, 4) and methyl jasmonate (MeJA), a linolenic acid derivative, is involved in plant development and defense responses. 5, 6) ABA and MeJA induce stomatal closure in many plant species, 7, 8) and both ABA-and MeJA-induced stomatal closure are accompanied by ROS production mediated by NADPH oxidase, cytosolic alkalization, and cytosolic Ca 2þ oscillation ([Ca 2þ ] cyt ). [7] [8] [9] [10] Glutathione (GSH) regulates plant growth and development via control of redox state, 11, 12) and GSH levels in plant cells vary in response to various stresses. 13, 14) ABA and MeJA decrease the GSH contents of guard cells. ABA-induced stomatal closure is enhanced by a GSHdecreasing chemical, 1-chloro-2,4-dinitrobenzene (CDNB), in Arabidopsis thaliana, 15) and GSH monoethyl ester (GSHmee), which increases GSH in guard cells of Arabidopsis, complements the stomatal phenotype of GSH-deficient mutants ch1-1 and cad2-1.
15-17)
Previous studies have found that ABA inhibits lightinduced stomatal opening. 18, 19) In addition, deficient glutathione facilitates ABA-and MeJA-induced stomatal closure but does not affect light-induced stomatal opening. 16, 17) These results suggest that GSH is a negative signaling factor shared between ABA and MeJA signal cascades. 15, 16) We recently found that allyl isothiocyanate (AITC) induces stomatal closure accompanied by GSH depletion, and that AITC-induced stomatal closure is suppressed by GSHmee. 20) Hence, GSH might be a key factor in stomatal closure in Arabidopsis, but evidence for this has been limited.
Like CDNB, p-nitrobenzyl chloride (PNBC), iodomethane (IDM), and ethacrynic acid (EA) act as substrates of glutathione S-transferase (GST) to form a conjugate with GSH, resulting in depletion of intracellular GSH. 21, 22) To elucidate the roles of GSH in ABA-and MeJA-induced stomatal closure, we investigated the effects of PNBC, IDM, and EA on GSH levels, stomatal movement, ROS production, cytosolic alkalization, and cytosolic free Ca 2þ elevation in response to ABA and MeJA in Arabidopsis.
Materials and Methods
Chemicals. ABA was purchased from Sigma-Aldrich (St. Louis, MO). MeJA, PNBC, IDM, and 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA) were from Wako Pure Chemical Industries (Osaka, Japan) and EA was from Tokyo Chemical Industry (Tokyo). PNBC and EA were dissolved in dimethyl sulfoxide (DMSO) and IDM was in distilled water to yield stock solutions. Monochlorobimane (MCB) was purchased from Fluka (Switzerland), and 2 0 ,7 0 -bis(carboxyethyl)-5,6-carboxyfluorescein acetomethylester (BCECF-AM) was from Invitrogen (Carlsbad, CA). Measurement of GSH in guard cells. The levels of GSH in the guard cells were examined by MCB, as previously described.
16) The abaxial side of an excised leaf was gently mounted on a glass slide with a medical adhesive (Hollister, Libertyville, Il), followed by removal of the adaxial epidermis and the mesophyll tissue with a razor blade in order to keep the abaxial epidermis intact on the slide. The abaxial epidermis was incubated in a staining solution containing 100 mM of MCB for 2 h at room temperature. MCB reacts with intracellular GSH to form fluorescent glutathione S-bimane (GSB) in guard cells. After incubation, the excess dye was washed out with deionized water and covered with a cover slip using a drop of deionized water. The fluorescence intensity of the GSB in the guard cells was observed under a fluorescent microscope (Biozero BZ-8000, Keyence, Osaka, Japan) with a filter: OP-66834 BZ filter DAPI-BP (excitation wavelength 360/40 nm, absorption wavelength 460/50 nm, dichroic mirror wavelength 400 nm). The fluorescence intensity of the guard cells was quantified using ImageJ 1.42q software (National Institutes of Health, US). GSH levels were estimated from the fluorescence intensity using a calibration curve with authenticated concentrations of GSH.
Measurement of stomatal aperture. The width of the stomatal apertures was measured as described previously. 23) Excised rosette leaves from 4-to 6-week-old plants were floated on a medium containing 5 mM KCl, 50 mM CaCl 2 , and 10 mM MES-Tris (pH 6.15) for 2 h under light (80 mmol m À2 s À1 ) to cause the stomata to open. To reduce the GSH levels in the guard cells, leaves were treated with PNBC, IDM, and EA at 10 mM for 2 h under light. After 2 h of incubation in the presence of 1 mM ABA or MeJA, the leaves were shredded in a Waring commercial blender for 30 s, and the remaining epidermal tissues were collected using nylon mesh (pore size, 30 mm). The epidermal tissues were mounted on a slide glass and images of stomatal apertures were captured using an Olympus IX71S87 microscope equipped with a CS230 digital imaging color camera, and these were analyzed with image analysis software (WinROOF V3.61, Mitani, Fukui, Japan). For each sample, 20 stomatal apertures were measured. For stomatal opening assay, excised rosette leaves were floated on a medium containing 30 mM KCl, 50 mM CaCl 2 , and 10 mM MES-Tris (pH 6.15) for 2 h in the dark to induce stomatal closure and then the leaves were subjected to light for 2.5 h in the presence of ABA. PNBC, IDM, and EA at 10 mM were added 30 min prior to ABA application.
Measurement of ROS production in guard cells. Production of ROS in the guard cells was evaluated using H 2 DCF-DA, as previously described. 8) Epidermal tissues were collected from leaves of 4-to 6-week-old plants with the Waring blender for 40 s, incubated for 3 h in a medium containing 5 mM KCl, 50 mM CaCl 2 , and 10 mM MES-Tris (pH 6.15), and incubated with 50 mM H 2 DCF-DA for 30 min at room temperature to load the dye into the guard cells. They were rinsed with distilled water to remove excess dye using a nylon mesh, treated with PNBC, IDM, and EA at 10 mM for 20 min, and then treated with 1 mM ABA or MeJA for another 20 min. The fluorescence of the guard cells was imaged using a fluorescence microscope (Biozero BZ-8000) with a filter, OP-66835 BZ filter GFP (an excitation wavelength, 480/30 nm, an absorption wavelength, 510 nm, and a dichroic mirror wavelength, 505 nm). The DCF fluorescence intensity of the guard cells was quantified using ImageJ 1.42q software.
Measurement of cytosolic pH. Cytosolic pH (pH cyt ) in the guard cells was analyzed using BCECF-AM, as previously described. 10) Epidermal tissues were isolated from 4-to 6-week-old plants with the Waring blender. The epidermal tissues were incubated for 3 h under light (80 mmol m À2 s À1 ) in an incubation buffer (50 mM KCl, 10 mM MES-KOH, pH 6.5). Then they were incubated in the incubation buffer supplemented with 20 mM BCECF-AM for 30 min in the dark at room temperature to load the dye into the guard cells. Loading was terminated by rinsing the epidermal tissues 3 times in the incubation buffer. The epidermal tissues were treated with PNBC, IDM, or EA at 10 mM for 20 min, and then with 1 mM ABA or MeJA for a further 20 min. The fluorescence of the guard cells was imaged using the fluorescence microscope (BZ-8000) with a filter, OP-66835 BZ filter GFP. The BCECF fluorescence intensity of the guard cells was quantified using ImageJ 1.42q software.
Measurement of cytosolic Ca
. Rosette leaves of Arabidopsis Yellow Cameleon 3.6 (YC3.6)-expressing plants were used to examine [Ca 2þ ] cyt oscillations in the guard cells, as previously described.
10) The abaxial side of an excised leaf was gently mounted on a glass slide using a medical adhesive, followed by removal of the adaxial epidermis and the mesophyll tissue with a razor blade in order to keep the lower epidermis intact on the slide. The abaxial epidermis was kept in an incubation solution containing 5 mM KCl, 50 mM CaCl 2 , and 10 mM MES-Tris (pH 6
C. The turgid guard cells were used to measure [Ca 2þ ] cyt . Then the incubation solution supplemented with 1 mM ABA or MeJA was applied to PNBC, IDM and EA-untreated and 10 mM PNBC, IDM, and EA-treated guard cells with a peristatic pump 5 min after the start of measurement. The fluorescence of YC3.6 was measured by dualemission ratio imaging using a 440DF20 excitation filter, a 445DRLP dichroic mirror, and two emission filters: 480DF30 for CFP and 535DF25 for YFP. The CFP and YFP fluorescence intensities of the guard cells were imaged, and were analyzed using Aqua Cosmos software (Hamamatsu Photonics, Hamamatsu, Japan).
Statistical analysis. Significance of differences between mean values was assessed using analysis of variance (ANOVA) with the Student-Neuman-Keuls multiple-range test and the 2 -test. Differences at p < 0:05 were considered significant.
Results

GSH levels in the guard cells treated with GSHdecreasing chemicals
Treatments with PNBC, IDM, and EA at 10 mM significantly decreased the intracellular GSH levels in guard cells untreated with ABA or MeJA (Fig. 1A) .
ABA and MeJA at 1 mM significantly decreased intracellular GSH in the guard cells (Fig. 1B and C) . Pretreatment of the guard cells with PNBC, with IDM, and with EA significantly enhanced ABA-and MeJAinduced GSH depletion in the guard cells (Fig. 1B and C) .
Effects of GSH-decreasing chemicals on ABA-and MeJA-induced stomatal closure Treatment with PNBC, with IDM, and with EA did not affect stomatal apertures in the absence of ABA and MeJA (Fig. 2) . However, treatment with PNBC and with IDM enhanced ABA-and MeJA-induced stomata closure in a dose-dependent manner ( Fig. 2A and B ). This accords with our previous result that CDNB enhanced ABA-induced stomatal closure in Arabidopsis. 15) In contrast, treatment with EA did not enhance ABA-or MeJA-induced stomatal closure (Fig. 2C) .
Effects of GSH-decreasing chemicals on inhibition of light-induced stomatal opening by ABA
ABA at 1 mM significantly inhibited light-induced stomatal opening in the wild type (Fig. 3) . On the other hand, treatment with PNBC and IDM enhanced inhibition of light-induced stomatal opening by ABA in a dose-dependent manner (Fig. 3A and B ), but treatment with EA did not enhance inhibition of light-induced stomatal opening by ABA (Fig. 3C) .
Effects of GSH depletion on ABA-and on MeJAinduced ROS production in guard cells
Depletion of GSH by PNBC, by IDM, and by EA at 10 mM did not induce ROS production in the guard cells in the absence of ABA and MeJA (Fig. 4A) . ABA and MeJA at 1 mM significantly induced ROS production ( Fig. 4B and C) , in agreement with our previous results. 24) Depletion of GSH by PNBC, IDM, and EA did not significantly affect ABA-or MeJA-induced ROS production in the guard cells (Fig. 4B and C) , in accord with our previous results that CDNB did not affect ABA-induced ROS production in Arabidopsis guard cells. 15) Effects of GSH depletion on ABA-and MeJA-induced cytosolic alkalization in the guard cells Depletion of GSH by PNBC, by IDM, and by EA did not significantly change pH cyt in the absence of ABA and MeJA (Fig. 5A) . ABA and MeJA at 1 mM significantly induced cytosolic alkalization in guard cells untreated with PNBC, IDM, or EA ( Fig. 5B and C) . Depletion of GSH by PNBC, IDM and EA did not significantly affect ABA-or MeJA-induced cytosolic alkalization in the guard cells (Fig. 5B and C) , suggesting that intracellular GSH does not modulate ABA-or MeJA-induced cytosolic alkalization in guard cells. 
Discussion
GSH has many functions in growth, development, cell defense, and the regulation of gene expression. 11, 12) ABA-and MeJA-induced stomatal closure are accompanied by decreasing GSH levels in guard cells, and depletion of GSH in guard cells enhances ABA-and MeJA-induced stomatal closure. 15, 16) This suggests that GSH is a key factor in stomatal closure, but evidence for this has been limited.
ABA-and MeJA-induced stomatal closure are accompanied by ROS production, cytosolic alkalization, and [Ca 2þ ] cyt oscillation in guard cells. 10) In the present study, depletion of GSH in guard cells did not affect either ABA-or MeJA-induced ROS production (Fig. 4) , in agreement with our previous results. 15, 16) An increment of intracellular GSH due to GSHmee does not decrease ROS accumulation in guard cells. 15) Moreover, unlike glutathione peroxidases (GPX) in animals, 25) Arabidopsis GPX use thioredoxin as electron donor rather than GSH to scavenge H 2 O 2 and organic hydroperoxides. 26) Taken together, these results suggest that intracellular GSH is not involved in ABA-or MeJAinduced ROS production in guard cells. Vacuolar-type (V-type) ATPase contributes to pH cyt homeostasis. 27) ABA and MeJA induce alkalization in guard cells, which is closely related to [Ca 2þ ] cyt oscillation. 10) In the present study, GSH depletion in the guard cells did not affect ABA-or MeJA-induced cytosolic alkalization or [Ca 2þ ] cyt oscillation (Figs. 5 and 6), in agreement with the previous result that V-type ATPase activity is not modulated by GSH in leaf vacuoles. 28) On the other hand, Tavakoli et al. reported that H 2 O 2 at higher than 0.5 mM deactivated V-type ATPase, which was reactivated by GSH in vitro. 29) However, levels of ROS production elicited by ABA and MeJA were less than 100 mM in vivo. 30, 31) Therefore, ROS levels under physiological conditions are not so high as to inhibit V-type ATPase, resulting in the absence of any effect of GSH on alkalization in guard cells.
In this study, GST substrates, PNBC and IDM, depleted GSH in guard cells and enhanced ABA-and MeJA-induced stomatal closure (Figs. 1 and 2 ), in agreement with our previous results for GSH depletion by another GST substrate, CDNB. 15) This confirms that GSH negatively regulates ABA-and MeJA-induced stomatal closure. However, EA treatment did not enhance ABA-or MeJA-induced stomatal closure (Fig. 2C) , although EA decreased intracellular GSH levels (Fig. 1A) . There was a difference in GSH depletion between the EA-treated guard cells and the PNBC-and the IDM-treated guard cells (Fig. 1A) . EA and its conjugate function also as an inhibitor of alpha-, mu-, and pi-class GSTs in animals and humans, 32) but to our knowledge neither PNBC nor IDM inhibits any class of GSTs. Hence this difference might result in differences in the effects of depletion of GSH on ABA-and MeJA-induced stomatal closure, suggesting that certain GSTs are involved in ABA-and in MeJA-induced stomata closure.
PNBC and IDM slightly enhanced ABA inhibition of light-induced stomatal opening (Fig. 3A and B) , suggesting that GSH depletion is involved in the inhibition by ABA of light-induced stomatal opening. In addition, EA did not enhance inhibition of light-induced stomatal opening (Fig. 3C) . These results are in agreement with our results for ABA-induced stomatal closure (Fig. 2C) .
In conclusion, depletion of GSH enhanced ABA-and MeJA-induced stomatal closure without affecting early signal components, ROS production, cytosolic alkalization, or [Ca 2þ ] cyt oscillation in guard cells.
